Exposure to endocrine disrupting chemicals has been associated with compromised testosterone production leading to abnormal male reproductive development and altered spermatogenesis. In vitro high-throughput screening (HTS) assays are needed to evaluate risk to testosterone production, yet the main steroidogenesis assay currently utilized is a human adrenocortical carcinoma cell line, H295R, which does not synthesize gonadal steroids at the same level as the gonads, thus limiting assay sensitivity. Here, we propose a complementary assay using a highly purified rat Leydig cell assay to evaluate the potential for chemical-induced alterations in testosterone production by the testis. We evaluated a subset of chemicals that failed to decrease testosterone production in the HTS H295R assay. The chemicals examined fit into one of two categories based on changes in substrates upstream of testosterone in the adrenal steroidogenic pathway (17α-hydroxyprogesterone and 11-deoxycorticosterone) that we predicted should have elicited a decrease in testosterone production. We found that 85% of 20 test chemicals examined inhibited Leydig cell testosterone production in our assay. Importantly, we adopted a 96-well format to increase throughput and efficiency of the Leydig cell assay. We identified a selection criterion based on the AC50 values for 17α-hydroxyprogesterone and 11-deoxycorticosterone generated from the HTS H295R assay that will help prioritize chemicals for further testing in the Leydig cell screen. We hypothesize that the greater dynamic range of testosterone production and sensitivity of the Leydig cell assay permits
Introduction
The US Environmental Protection Agency's (US EPA) Endocrine Disruptor Screening Program (EDSP) is tasked with evaluating pesticides, chemicals, and environmental contaminants for potential endocrine disrupting effects that could be hazardous to human and wildlife health. The Endocrine Society defines endocrine disrupting chemicals (EDCs) as "chemicals that mimic, block, or interfere with hormones in the body's endocrine system" [1] . Much of the more recent in vitro research on EDCs has focused on compound interaction with various hormone receptors and cellular signaling pathways; however, it is evident that EDCs can target the steroid hormone biosynthesis pathway as well [2] [3] [4] [5] . Alterations in steroidogenic hormone action have been associated with developmental defects as well as dysfunction of the reproductive system [6, 7] . For decades, epidemiological data have been suggesting that semen quality has been declining. Both decreases in sperm production and sperm quality have been reported [8, 9] . This declining trend in semen quality has been linked to human exposure to EDCs during reproductive development as well as during adulthood [10] . Compromised testosterone production in the fetal or adult testis can lead to abnormal male reproductive development, quantitative and qualitative alterations in spermatogenesis, and subsequent reduced fertility [11] . Research is needed to identify EDCs in the environment that have the potential to disrupt steroid hormone biosynthesis, and if so, determine whether these chemicals pose risks to the reproductive health of humans and wildlife.
The US EPA's EDSP Tier 1 Screening Battery includes two in vitro assays that evaluate chemical-induced alterations in steroidogenesis [12] . A cell-free human recombinant microsome assay assesses aromatase (EDSP Test Guideline 890.1200), the rate-limiting enzyme required for the conversion of androgens to estrogens, but this assay is limited in scope as it evaluates the potential for inhibition of only estrogen synthesis within the steroidogenic pathway. The cell-based H295R steroidogenesis assay (EDSP Test Guideline 890.1550) utilizes a human adrenocortical carcinoma cell line to evaluate chemical-induced alterations in both 17β-estradiol and testosterone production. The H295R cell line has the characteristics of zonally undifferentiated fetal adrenal cells, and as a result, maintains all of the enzymes required to synthesize steroid hormones from each of the three distinct zones found in the adult adrenal cortex [13] . Numerous investigators have utilized the H295R cell line as a rapid in vitro screen to evaluate toxicant-induced effects on adrenocortical steroidogenesis [14] [15] [16] [17] . The H295R steroidogenesis assay has been validated by both the EPA (EDSP Test Guideline 890.1550) and the Organization for Economic Cooperation and Development (OECD) (OECD Test Guideline 456) [18] for the assessment of two major reproductive hormones, i.e., 17β-estradiol and testosterone.
Investigators in the National Center for Computational Toxicology (NCCT) within the US EPA recently proposed the application of a high-throughput screening (HTS) adapted version of the OECD H295R steroidogenesis assay for inclusion in the ToxCast program [19] . In the high-throughput H295R steroidogenesis assay (HTS H295R), cells are cultured in a 96-well format and a panel of 13 hormones is measured using HPLC-MS/MS. This permits the evaluation of a greater number of chemicals and measurement of multiple steroid hormones across four hormone classes (progestogens, glucocorticoids, androgens, and estrogens), which in theory may elucidate different mechanisms of action of chemical-induced alterations in adrenal steroidogenesis.
Despite the novel capabilities of the HTS H295R assay, it is limited in its ability to accurately predict chemical-induced alterations in gonadal sex steroid hormones. The function of the potent sex steroids, 17β-estradiol and testosterone, in the normal human adult adrenal is not well understood, and importantly these steroids are not synthesized at the same levels as in the gonads [20] . Previous investigators have reported the production of 8 ng of testosterone/10 6 H295R cells cultured over a 48-h incubation period [14] . In contrast, unstimulated highly purified rat Leydig cells can produce ∼30 ng of testosterone/10 6 cells over a 3-h incubation period [21] . Production of 17β-estradiol is even weaker than testosterone in the H295R cell line (reportedly 6-fold less than testosterone), and in fact, represents a known limitation of the H295R assay [14, 22] . The resulting lower dynamic range of 17β-estradiol production, and thus lower assay sensitivity, makes the identification of weak inhibitors difficult [14, 22] . Arguably, there is a need for sensitive and biologically relevant HTS gonadal-based assays to directly measure chemicalinduced alterations in sex steroid hormone synthesis and provide a better prediction of potential impact on gonadal function. Here, we propose a complementary assay to screen for potential chemical-induced alterations in testosterone production by the testis using a highly purified rat Leydig cell assay. Highly purified rat Leydig cells, resulting from a well-established multistep isolation procedure, produce hundreds of nanograms of testosterone on stimulation by physiological levels of luteinizing hormone (LH) [21, 23] . The testosterone produced by these cells is impressive compared to the testosterone produced by other readily available Leydig cell lines [23] [24] [25] [26] [27] . This attribute permits a large dynamic range with inherent sensitivity to identify potent as well as modest inhibitors of testosterone production. Because purified rat Leydig cells are LH responsive, the evaluation of biologically relevant LH-stimulated alterations in testosterone production also is permitted. Given these attributes, we hypothesized that a significant number of chemicals that were not detected as inhibitors of testosterone synthesis in the H295R assay would decrease testosterone production by LH-stimulated Leydig cells, and therefore be identified as probable EDCs.
To test this hypothesis, we evaluated a subset of chemicals that failed to decrease testosterone production in the HTS H295R assay, despite changes in the concentrations of substrates upstream Figure 1 . Human adrenal steroidogenesis pathway showing mineralocorticoid, glucocorticoid, and androgen synthesis. Chemicals were chosen for screening in the Leydig cell assay based on observed changes in substrates upstream of testosterone synthesis that were detected by the HTS H295R steroidogenesis assay. Category 1 chemicals elicited a decrease in 17α-hydroxyprogesterone and did not decrease testosterone. Category 2 chemicals induced 11-deoxycorticosterone synthesis but did not decrease testosterone synthesis. The predominant pathways to corticosterone and testosterone in the rat are depicted with the large, shadowed arrows. Abbreviations: CYP11A1, cholesterol side chain cleavage; CYP17, 17α-hydroxylase/17, 20 lyase; 3β-HSD, 3β-hydroxysteroid dehydrogenase-D 5,4 isomerase; CYP21, 21-hydroxylase; CYP11B1, 11β-hydroxylase; CYP11B1/B2, 11β/18-hydroxylase; 17β-HSD, 17β-hydroxysteroid dehydrogenase; CYP19, aromatase.
of testosterone that would be expected to cause decreased testosterone production. The chemicals selected fit into one of two categories based on consistent changes that we predicted should have resulted in decreased testosterone production ( Figure 1 ). Category 1 test chemicals decreased 17α-hydroxyprogesterone with no corresponding decrease in testosterone production. Due to the substrate-dependent nature of steroidogenesis, a decrease in this upstream substrate would decrease testosterone. Category 2 test chemicals induced 11-deoxycorticosterone synthesis with no decrease in testosterone production. An increase in 11-deoxycorticosterone should lead to an increase in corticosterone, which in turn is reported to decrease testosterone biosynthesis via inhibition of steroidogenic enzymes such as hydroxylase/lyase [28] [29] [30] .
The objective of our study was to determine whether a highly purified rat Leydig cell assay could serve as a complement to the HTS H295R assay to assess the potential for chemical-induced impacts on LH-stimulated testosterone production by the testis. Together, these two assays would provide a comprehensive assessment of chemicalinduced alterations in both gonadal and adrenal androgen production. After evaluating the initial subset of chemicals described above in a well-established 24-well format, we adapted the assay to a moderate throughput 96-well format for more efficient screening. Finally, we have identified a selection criterion for chemicals that should be tested in the Leydig cell assay.
Materials and methods

Animal acquisition and housing conditions
All animal work was completed following review by the US EPA National Health and Environmental Effects Research Laboratory Institutional Animal Care and Use Committee. The US EPA National Health and Environmental Effects Research Laboratory is an AAALAC-accredited institution. Adult male Sprague-Dawley rats (∼70 days of age upon arrival; ∼90-120 days of age at Leydig cell isolation) were obtained from Charles River Laboratories (Raleigh, NC) and housed on a 12:12 light cycle under controlled conditions (temperature [20] [21] [22] [23] [24] • C], humidity [40-50%] ).
Leydig cell isolation
Highly purified rat Leydig cells were isolated following a modified version [25] of a validated multistep procedure [21] . Briefly, the isolation involved perfusing the vasculature of the testis via the testicular artery with collagenase and dispase, subsequent collagenase/dispase digestion of the parenchyma, retention of Leydig cell clumps in a sedimentation buffer containing 1% bovine serum albumin, removal of sperm and small germ cells by centrifugal elutriation, and finally recovery of 98% pure Leydig cells following density gradient Percoll centrifugation. Isolation yields from six rats (12 testes) ranged from 12 to 18 × 10 6 Leydig cells.
Chemical selection
Chemicals (Table 1) were selected based on the reported results of the HTS H295R steroidogenesis assay [19] . Category 1 chemicals included those that elicited a decrease in 17α-hydroxyprogesterone with no corresponding decrease in testosterone production. Category 2 chemicals included those that elicited an increase in 11-deoxycorticosterone with no decrease in testosterone production. We used the established 24-well format of the Leydig cell assay [21, 25] to perform an initial evaluation of a subset of category 1 (corticosterone, esfenvalerate, metconazole, permethrin, simvastatin) and category 2 (anilazine, hydroquinone, prednisone) chemicals. Dexamethasone was also selected as it decreased testosterone Chemicals that decreased testosterone production significantly in the 24-well format of the Leydig cell assay were then reassayed in a 96-well format to confirm consistent results between the two plate formats. After confirming comparable responses in the 24-and 96-well formats, a second subset of chemicals was selected for evaluation in the 96-well format. These chemicals were selected based on a pattern in the AC50 results from the H295R assay that effectively differentiated the responders (i.e., those chemicals that decreased testosterone production in the Leydig cell assay but did not in the H295R assay) from the nonresponders (i.e., those chemicals that did not decrease testosterone production in either assay). The additional chemicals included cycloheximide, 17α-ethynylestradiol, finasteride, flufenoxuron, flusilazole, spirodiclofen, tamoxifen citrate, 3,4,4 -trichlorocarbanilide, and triphenyl phosphate from category 1 and 4-chloro-1,2-diaminobenzene, 1,4-dihydroxy-2-naphthoic acid, and dimethipin from category 2. Similar to dexamethasone, bisphenol A and prochloraz were added as additional interassay controls because they also decreased testosterone production in the H295R assay and were previously shown to decrease testosterone by highly purified LH-stimulated Leydig cells (Gary Klinefelter, unpublished data).
Cell culture design
All chemicals were solubilized in DMSO at 100 mM with the exception of simvastatin and prochloraz, which were solubilized at 10 mM. A minimum of two independent experimental replicates (i.e., different isolations of Leydig cells) were performed for each chemical dosing range. Each chemical was originally tested in duplicate wells over six concentrations ranging from 0 to 100 μM, except simvastatin (0-10 μM) and prochloraz (0-1 μM). Previous studies have indicated cell viability issues at higher concentrations for simvastatin [25] and prochloraz (Gary Klinefelter, unpublished data).
Cell viability was compromised at higher concentrations of tamoxifen citrate and 3,4,4'-trichlorocarbanilide, and as a result, the dosing range was lowered for both (0-1 μM). The response of simvastatin (0-10 μM) served as a positive control for the Leydig cell assay based on previous results [25] and was run in each experimental replicate. Continuous maximum LH stimulation was achieved with highly purified ovine LH (NIDDK-oLH-26; a gift from the NIDDK National Hormone & Pituitary Program) at a concentration of 100 ng/mL. Cell culture medium consisted of phenol-red free Medium 199 for cell culture (Gibco, 11043-023) supplemented with 2 g/L proteasefree bovine serum albumin for cell culture (Sigma, A3294), 10 mL/L insulin-transferrin-selenium-sodium pyruvate (100X, Gibco, 51300-044), 10 mL/L sodium pyruvate (100 mM, Gibco, 11360-070), 10 mL/L MEM nonessential amino acids solution (100X, Gibco, 11140-050), 10 mL/L GlutaMax supplement (100X, Gibco, 35050-061), and 12 mg/L gentamicin (Sigma, G1272). For the 24-well format, the total volume in each well was 1.0 mL and included, in order of addition, the following: culture medium, Leydig cells (cell number held constant across plate per experimental replicate and ranged from 125 000 to 150 000 cells/well/replicate), highly purified ovine LH at a concentration for continuous maximal stimulation (100 ng/mL), and chemical doses administered in DMSO at 0.1% v/v per well immediately after plating. The 96-well format was proportionally adjusted according to well area and volume and optimized for performance using cell plating density and total DMSO concentration as parameters (data not shown). For the 96-well format, the total volume in each well was 0.3 mL and included, in order of addition, the following: culture medium, Leydig cells (30 000 cells/well/replicate), highly purified ovine LH at a concentration for continuous maximal stimulation (100 ng/mL), and chemical doses administered in DMSO at 0.3% v/v per well immediately after plating.
Leydig cells were cultured overnight (∼18 h) at 34
• C in 5% CO 2 . The next day, medium was carefully aspirated from each well (0.8-mL 24-well format; 0.15-mL 96-well format), transferred to a microcentrifuge tube, and stored at -80
• C for future testosterone quantification.
Cell viability/toxicity assessment
Cells were first visually inspected under a stereomicroscope for consistent morphology. Additionally, cell viability was quantified for each cell culture plate using the LIVE/DEAD Viability/Cytotoxicity kit for mammalian cells (Molecular Probes, L-3224). Testosterone data were excluded from statistical analysis when chemical exposure resulted in cell viability less than 75% of DMSO control.
Radioimmunoassay evaluation of testosterone production
Media from the wells were thawed and total testosterone was quantified using radioimmunoassay according to manufacturer's instructions (coat-a-count, TESTO-US, ALPCO). The reported limit of detection for testosterone was 0.09 ng/mL. Media from duplicate wells of each concentration were diluted 1:10 and assayed. The technical duplicates were averaged to provide each experimental replicate value.
Statistical analysis
Testosterone concentration data were analyzed for differences from solvent controls using two-way ANOVA (PROC GLM; SAS 9.4) with least square means analysis and using experimental replicate as a covariate. Significant (P < 0.05) differences from solvent controls were evaluated using a 2-tailed Dunnett test. Prior to conducting this statistical analysis, the data were first evaluated for homogeneity of variance by either a Bartlett or Levene test, where appropriate. The lowest observed effect concentration (LOEC) was defined as the lowest concentration at which a statistically significant decrease in testosterone was observed for each chemical. The dynamic range of testosterone production in the H295R assay and the 24-and 96-well formats of the Leydig cell assay were evaluated using two-tailed t-tests. Prior to conducting this statistical analysis, all data were log transformed to correct for heterogeneity of variance.
Results
Based on our predefined chemical categories, we initially evaluated eight test chemicals and dexamethasone for testosterone inhibition in the established 24-well format. Five of the nine chemicals decreased testosterone production significantly. Chemicals that significantly decreased testosterone production in the Leydig cell assay included simvastatin and metconazole from category 1 (Figure 2 ), hydroquinone and anilazine from category 2 (Figure 3) , and the interassay control, dexamethasone (Figure 3) . The LOECs were 0.1, 3, 10, 100, and 100 μM for simvastatin, metconazole, hydroquinone, anilazine and dexamethasone, respectively. Esfenvalerate, permethrin, prednisone, and corticosterone did not inhibit testosterone production in the 24-well format, and these results were in agreement with the results from the HTS H295R assay [19] . Corticosterone, however, was close to significance (P < 0.06) at 100 μM in the Leydig cell assay (Figure 2) . We classified simvastatin, metconazole, anilazine, and hydroquinone as responders, or chemicals that decreased testosterone production in the Leydig cell assay but did not in the H295R assay [19] .
A second objective of this study was to adapt the Leydig cell assay to a 96-well format. For this, we optimized the performance of the 96-well assay and re-evaluated the original four responder chemicals, as well as dexamethasone and corticosterone, as corticosterone produced near significant decreases in testosterone production at the 100 μM concentration. The ability of the four responder chemicals to decrease testosterone production by Leydig cells was confirmed in the 96-well format of the Leydig cell assay (Figures 2 and 3) . Although corticosterone did not decrease testosterone production significantly in the 24-well format, it did produce a significant decrease in the 96-well assay at the highest concentration tested and was classified as a responder (Figure 2) . The LOECs were 0.1, 1, 10, 10, 30, and 100 μM for simvastatin, metconazole, hydroquinone, anilazine, dexamethasone, and corticosterone, respectively (Table 2) . Esfenvalerate, permethrin, and prednisone were confirmed as nonresponders, as they did not significantly inhibit testosterone production in the Leydig cell assay, and these results were in agreement with those obtained from the HTS H295R assay. Thus, five of the eight chemicals that were negative for decreased testosterone in the H295R assay were positive in the 96-well Leydig cell assay and were classified as responders.
A third objective of this study was to identify selection criteria that would differentiate the responders from the nonresponders for potential impacts on testosterone production. The criteria would identify chemicals assayed in the H295R assay that would benefit from being re-evaluated in the complementary Leydig cell assay. Examination of the 17α-hydroxyprogesterone and 11-deoxycorticosterone data from the H295R assay indicated that those chemicals that significantly decreased testosterone production by Leydig cells, but not the H295R, had relatively low AC50 values (of ∼3 μM or less) for decreased 17α-hydroxyprogesterone or increased 11-deoxycorticosterone (Table 3) .
We selected a second subset of 12 chemicals that met the selection criteria for testing in the 96-well format. All 12 test chemicals significantly decreased testosterone production in the Leydig cell assay as hypothesized by the selection criteria. LOECs (Table 2) were determined for nine category 1 ( Figure 4 ) and three category 2 ( Figure 5 ) chemicals. Both interassay controls, prochloraz and bisphenol A, also significantly reduced testosterone production by Leydig cells ( Figure 5) with LOECs of 0.3 and 30 μM, respectively ( Table 2) .
Discussion
Over the past few decades, there has been a debate regarding the possibility that exposure to environmental chemicals is contributing to a decline in semen quality in men [6, 31, 32] . Both environmental chemicals and pharmaceuticals have been linked to compromised testosterone production in the testis. It is reasonable to assume that exposure to any agent that significantly suppresses testosterone production could compromise spermatogenesis and epididymal sperm maturation resulting in reductions in both sperm numbers and sperm quality. Thus, chemically induced decreases in testosterone by adult Leydig cells can result in a phenotype typical of primary hypogonadism, low testosterone despite normal LH levels [33] . Moreover, it is reasonable to assume that many of the chemicals that alter testosterone production by the adult Leydig cell also are likely to alter testosterone production by fetal Leydig cells. In addition to direct alteration to fetal Leydig cell testosterone production, it has been hypothesized that fetal stem Leydig cells compromised by specific gestational exposures will populate a testis containing adult Leydig cells with limited steroidogenic competence [34] .
To identify chemicals with a potential to alter endocrinemediated key events such as steroidogenesis, high-throughput screens have been implemented through EPA's ToxCast program [35, 36, 37] . Karmaus et al. [19] recently suggested the addition of an HTS version of the H295R steroidogenesis assay to the ToxCast assay battery. However, H295R cells have limitations as they suboptimally respond to their endogenous ligand, adrenocorticotropic hormone [38] , as well as to LH [39] . Moreover, while H295R cells contain all the adrenal steroidogenic enzymes, they produce low levels of testosterone compared to primary Leydig cells. This limits the sensitivity needed to identify significant chemical-induced alterations in testosterone production. Furthermore, limitations exist for many Leydig cell lines. The transformed murine MA-10 Leydig cell line does not contain the enzymes necessary for terminal testosterone production and cannot produce steroid beyond progesterone [24] . The rat R2C Leydig cell line lacks the LH /chorionic gonadotropin receptor and is therefore nonresponsive to LH [26] . The murine BLTK1 cell line contains the complete suite of steroidogenic enzymes necessary for testosterone synthesis and is LH responsive; however, it too is limited by the low quantities of testosterone produced [27] . We successfully demonstrated that the highly purified Leydig cell assay was capable of detecting chemical-induced inhibition in testosterone production that was not detected by the HTS H295R assay. In total, we examined 20 test chemicals that did not reduce testosterone in the H295R assay and found that 85% of them inhibited Leydig cell testosterone production in our assay. Importantly, we identified a selection criterion based on the H295R AC50 values for 17α-hydroxyprogesterone and 11-deoxycorticosterone that will help prioritize chemicals for further testing. All 12 chemicals selected based on this criterion decreased testosterone production in the Leydig cell assay. This demonstrates that the AC50 criterion could be used as a guide to select compounds for further testing.
The disparity between the results of the H295R and Leydig cell assays emphasizes the importance of using Leydig cells for detecting chemical-induced alterations in gonadal testosterone production. We hypothesize that the far greater dynamic range of testosterone production characteristic of the LH-stimulated Leydig cell affords the sensitivity required to detect small yet significant chemical-induced changes. Basal and forkolin-stimulated testosterone production were evaluated during international validation of the H295R steroidogenesis assay [22] (Angela Buckalew, personal communication), and the dynamic range of H295R cells was deduced ( Figure 6 ). Forskolin stimulation (10 μM) increased testosterone production in the H295R assay to only 29 ng/10 6 cells compared to 568-809 ng/10 6 Leydig cells and 738-1902 ng/10 6 Leydig cells in LH-stimulated 24-and 96-well formats. While there was no difference in unstimulated testosterone production between the two plate formats, the LH responsiveness (i.e., LH-stimulated testosterone vs unstimulated testosterone) was increased 7.4-fold and 10.8-fold in the 24-and 96-well formats, respectively. In the 96-well format, we were able to detect statistically significant decreases in testosterone production at lower concentrations for 3 of 5 test chemicals evaluated in both 24-and 96-well formats (metconazole, corticosterone, and anilazine). This study provided data demonstrating significant concentration-dependent decreases in testosterone production for 17 out of 20 chemicals (85%) that failed to decrease testosterone by H295R cells. The identification of this incidence of false negatives suggests a real need to use the Leydig cell assay as a complementary screen to capture potential impacts on gonadal steroidogenesis. Moreover, the data strongly suggest that AC50 values of approximately 3 μM or less for proximal substrates 17α-hydroxyprogesterone and 11-deoxycorticosterone are reasonable criteria to effectively select chemicals for this secondary screen with a high likelihood of detecting a significant decrease in testosterone production by Leydig cells. It can be reasoned that while there was too little testosterone produced to detect an AC50, there was sufficient 17α-hydroxyprogesterone and 11-deoxycorticosterone to detect rather low AC50 changes. A low AC50 for decreased 17α-hydroxyprogesterone would be expected to be accompanied by a decrease in testosterone. Conversely, a low AC50 for increased 11-deoxycorticosterone would be expected to be accompanied by a decrease in testosterone provided corticosterone-induced inhibition of testosterone occurs in the absence of sufficient protective 11β-hydroxysteroid dehydrogenase [40] [41] [42] .
The scientific challenge at this juncture is to elucidate more proximal molecular events that lead to decreased testosterone production. The Leydig cell assay is well suited to address this. This may be achieved for example by quantifying the proximal substrates in the Leydig cell pathway. Recently, Hansen et al. [43] studied the effect of multiple serotonin reuptake inhibitors (SSRIs) on testosterone production by H295R cells cultured in an unstimulated, 24-well format. Each SSRI decreased testosterone and quantification of all proximal substrates of testosterone, and multiple sites of action were identified for individual SSRIs. We can only assume that observed substrate alterations may differ between H295R cells and LH-stimulated Leydig cells since testosterone is not the main steroid produced by the H295R cell.
To our knowledge, this is the first time highly purified Leydig cells have been cultured in a 96-well format. Our results provide strong support for the addition of a highly purified Leydig cell assay to measure toxicant-induced alterations in gonadal testosterone production to complement the H295R steroidogenesis assay when either decreases in 17α-hydroxyprogesterone or increases in 11-deoxycorticosterone are observed with no decrease in testosterone. Given that a typical Leydig cell isolation yields 14-20 × 10 6 cells, one isolation is well suited for a minimum of 5 × 96-well plates with 30 000 Leydig cells/well to test 40 chemicals over six concentrations in duplicate. The utility of the Leydig cell assay is best demonstrated by the results of simvastatin, which served as the positive control for the Leydig cell assay, yet did not decrease testosterone in the H295R assay. Simvastatin is perhaps the most recognized chemical of those evaluated and is a highly prescribed pharmaceutical that competitively inhibits 3-hydroxy-3-methylglutaryl-coenzyme A reductase and subsequently the formation of cholesterol [44] , a rate-limiting testos- Comparison of the dynamic range of testosterone production between the H295R steroidogenesis assay (Angela Buckalew, personal communication), the 24-well format of the Leydig cell (LC) assay, and the 96-well format of the Leydig cell assay. Markers represent mean ± SEM testosterone production (ng/10 6 cells) without (empty markers) and with stimulation (filled markers), respectively (10 μM forskolin = H295R assay; 100 ng/mL LH = LC assay) for two to eight independent replicates. Significant differences (P < 0.05) between unstimulated and stimulated testosterone production and differences between groups are denoted by different letters.
terone precursor. Statin use has been associated with lower peripheral blood testosterone levels in middle-aged men [45] , lower serum testosterone concentrations in older men [46] , and reduced Leydig cell testosterone production [25] and serum testosterone levels [47] in male rats. Recently, we have demonstrated significant decreases in testosterone measures and reduced fertility in rats exposed to simvastatin for 30 days (Klinefelter, in preparation). The H295R assay repeatedly failed to identify a reduction in testosterone production upon simvastatin exposure [19, 48] . This discrepancy highlights the importance of using a gonadal-based assay for measuring toxicantinduced changes in sex steroid hormones. High-priority chemicals that are negative for decreased testosterone in the H295R assay but positive in the Leydig cell assay should be followed up in vivo to evaluate the potential for these chemicals to decrease testosterone in vivo. Even with such rigorous effort, the possibility exists that some chemicals may require paracrine/endocrine activity only achieved in vivo. Chemicals testing positive in the Leydig cell assay should also be studied using fetal testis incubations and following gestational exposure to characterize effects on the fetal Leydig cell population.
